The low protein barley (Hordeum vulgare L.) cultivar 'Karl' is deficient in hordeins, the major storage protein fraction, but has normal levels of other endosperm protein fractions. We compared hordein gene expression in Karl with that in 'Traill,' a related cultivar that contains normal amounts of hordein. In plants grown in controlled environmental conditions, hordein accumulation in Karl was 55% of that in Traill. The amount of hordein synthesized at all developmental stages tested was lower in Karl, as shown by pulse labeling of excised spikes with I3H]eucine. To determine whether levels of hordein mRNAs were related to amounts of hordein synthesis, total RNA preparations from endosperms at three or four developmental stages were hybridized to cDNA probes corresponding to B and C hordein genes. Both B and C hordein mRNA levels were significantly lower in Karl than in Traill at intermediate developmental stages. It was concluded that the low-hordein character of Karl was regulated by the size of the hordein mRNA pool. Transcriptional and/or post-transcriptional controls may be involved in the regulation of hordein mRNA levels.
The regulation of seed storage protein synthesis is amenable for study because these proteins are generally specific to endosperm and/or embryo tissues, the expression of their genes is developmentally regulated, and the proteins have been extensively characterized. In barley, the major endosperm storage proteins are the alcohol-soluble hordeins. These proteins are classified into three groups of polypeptides called B, C, and D hordeins, and each group is synthesized from a family of structural genes, Hor2, Horl, and Hor3, respectively (23) . The B, C, and D hordeins account for approximately 80 to 90%, 10 to 20%, and <5% of the total hordein fraction, respectively (14) . The B and D hordeins are relatively high in sulfur-containing amino acids compared to the C hordeins (23) . All hordein fractions have abundant levels of glutamine and proline, but have low amounts of lysine, which is an essential amino acid for monogastric nutrition.
The cultivar 'Karl' produces kernels with lower percentage protein and higher lysine as a percentage of total protein than other barley cultivars (4) . These characteristics are inherited from one of its parents, C17 147, whereas the other parent, ' normal protein and lysine levels. Low protein and high lysine are desirable characteristics for malting and nutritive value, respectively, and in Karl these traits are not accompanied by a shrivelled kernel and low seed yields, as in other high lysine mutants (9) . Karl has low levels of hordein, and this apparently is responsible for lower percentage protein and higher lysine as percentage of total protein (4). Although these traits are highly heritable (4), the genetic control and mechanism of regulation are not known.
In this study, we investigated hordein gene expression in Karl, and compared it to that in Trail, its normal protein parent. We compared the synthesis and accumulation of hordeins and the levels of Horl and Hor2 gene transcripts at various developmental stages. (Fig. 1) . The (Fig. 3) . The amount ofmRNA that hybridized to hordein-specific cDNA probes was less in Karl than in Traill during the period of maximal hordein synthesis (55% moisture group). In Karl, the highest levels of B and C hordein mRNAs occurred early in development and dropped slightly from this point. Traill endo-. . . . . sperms had levels of mRNA for both B and C hordeins equivalent to or slightly higher than Karl during the early period of hordein synthesis (70% moisture). These levels increased significantly in Traill to maxima at the 55% moisture stage. By 40% moisture, the levels of B and C hordein mRNA dropped in Traill, but the amount of C hordein mRNA remained higher than that in Karl.
MATERIALS AND METHODS
The ratio of B hordein mRNA to C hordein mRNA was approximately 9:1 in both cultivars over all stages, except for the 40% moisture group in Traill where this ratio was lower. This ratio corresponds to the relative amounts of these polypeptides in barley endosperm (15 Figure  2B . Substantially less hordein was synthesized in Karl compared to Traill for all ofthe major B and C hordein polypeptides. There was no apparent differential inhibition of synthesis of any particular polypeptide or group of polypeptides. Only slight incorporation of [3H]leucine into the C hordein polypeptides was detected. This was most likely due to the greater abundance of B hordeins and their higher mole percentage of leucine (23) .
Our results indicate that the composition and relative proportions of hordein polypeptides from Karl are nearly identical to those from Traill. The 45% hordein reduction in Karl compared to Traill is due to an overall decrease in both the B and C hordeins and cannot be explained by minor differences in individual hordein polypeptides. Since the Horl and Hor2 loci are multigene families and are separated by 8 cM (12), it is unlikely that an alteration in one of the structural genes could cause the observed reduction. Thus, the low hordein characteristic of Karl (2, 10, 14, 15, 20, 21, 24, 25) . In most ofthese studies, transcriptional control was proposed as the cause of low mRNA levels. The abundance of hordein mRNAs has been shown to be influenced by the nutritional status of the plant (10, 21) . However, deficiencies of N or S have resulted in differential effects on the B and C hordein mRNAs. Since both B and C hordein mRNAs of the cultivar Karl appear to be decreased to a similar extent, we doubt that the genotypic effect is mediated through levels of soluble amino acids or other nutrients.
Differences in ribonuclease activity could affect the tumover rate of hordein mRNAs. Dalby and Cagampang (5) and Lee and Tsai (18) found higher levels of RNase activity in low-zein mutant, opaque-2 and the double mutant opaque-2/brittle-2, than in normal maize. Zein mRNA levels were not examined in these studies, but RNase activity was proposed as a regulatory factor in zein synthesis. This type of regulation may be active in Karl barley as well. During hordein synthesis, RNase activity was found to be significantly higher in Karl and its low-hordein parent, C17147, than in Traill (N Prentice, DM Wesenberg, personal communication). It is possible that this increased RNase activity is responsible, in part or in full, for the lower levels of B and C hordein mRNAs in Karl endosperm.
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